Osteosarcoma (OS) is one of most common primary bone cancer which exhibits cancerous osteoblastic differentiation and malignant osteoid in patients[@b1]. OS is generally very aggressive in nature with a high mortality rate and poor prognosis rate[@b2]. Especially, OS mainly affects the adolescence children (5\~15 years). Surgical resection technique was commonly employed to treat OS; however, surgical procedure implies the sacrifice of larger segment of bone and obligates complicated reconstruction[@b3][@b4]. At present, chemotherapy (pre- and post-operative) is used as a standard treatment protocol for OS. However, drugs used in the treatment of OS induce high toxicity to normal tissues including anaemia, neutropenia, thrombocytopenia, and heart damage which further reduce the survival rate of OS patients[@b5][@b6]. Therefore, there is an urgent need to develop a new therapeutic approach for the treatment of OS such that it induce maximum cell killing effect in tumor cells while sparing the healthy bone cells.

In this regard, cisplatin (CDDP), a potent anticancer drug is often indicated for the treatment of OS[@b7]. CDDP binds to DNA and causes DNA cross linking which triggers cell apoptosis when repair proves unsuccessful. Despite its potent anticancer effect, the therapeutic effect of CDDP has been limited by serious side effects such as nephrological and neurological toxicities[@b8]. Nephrotoxicity is a major cause of CDDP associated acute and chronic morbidity, while neurotoxicity is cumulative-dose dependent. Despite the associated side effects, one of the major concerns is the rapid inactivation of the drug through non-specific protein binding in the blood stream, resulting in less therapeutic efficacy and undesirable side effects[@b9][@b10].

Formulating CDDP into polymeric nanoparticles is expected to reduce the associated side effects while at the same time would increase the therapeutic efficacy. NPs are able to improve the circulation of their encapsulated drugs in the blood compared to free drug[@b11]. Thus, drug efficacy can be greatly increased without a subsequent increase in collateral damage to healthy tissues. In this regard, dextran (DX) is one of the most popular candidates for the formation of polymeric micelles[@b12]. DX is highly biocompatible and biodegradable in nature which is consisting of α-(1→6) linked D glucose units with different ratios of linkages and branches. Due to the abundant presence of hydroxyl groups in the chemical structure, it is readily available for the conjugation[@b13]. However, DX by itself could not self-assemble to form micelles as it lack the hydrophobic core (part)[@b14][@b15]. Therefore, in the present study we have conjugated DX with a biodegradable hydrophobic poly (lactic-co-glycolic acid) (PLGA). And, PLGA was conjugated with alendronate to increase the specificity of delivery system towards bone cancer cells. PLGA is one of the most common polymers used as carrier for drug delivery applications due to inherent biodegradability and low toxicity[@b16]. Recently, it has been reported that PLGA-dextran block copolymer forms self-assembling nanoparticles and could be used as a carrier to deliver multiple anticancer agents[@b17].

Thus far, in the present study, we have fabricated PLGA-DX and PLGA-Ald block copolymer to develop self-assembled nanomicelles. The main aim was to load CDDP in the core of the micelles and to increase the therapeutic efficacy in osteosarcoma. We suppose that CDDP could be efficiently co-assembled with the hydrophobic segment of PLGA into the inner core of the polymeric micelles via intermolecular hydrophobic interactions. In general, hydrophobic interaction between the drug and the polymer block are one of the most important types of intermolecular forces involved in the nanoparticle formations. The physicochemical characterizations including size, shape, X-Ray diffraction, and release kinetics were performed. *In vitro* anticancer effect of free drug and nanoformulations were investigated on MG-63 osteosarcoma cancer cells. Cytotoxic effect of PLD/CDDP was further confirmed by apoptosis analysis and cell cycle analysis. Finally, *in vivo* antitumor efficacy study was performed in 6 week old xenograft tumor model.

Materials and Methods
=====================

Materials
---------

Dextran (40 kDa), sodium borohydride, and PLGA (molar ratio of DL-lactide/glycolide as 50/50, intrinsic viscosity of 0.61 dl/g) was purchased from Sigma-Aldrich, China. Cisplatin, Rhodamine B (RB), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimi-de (NHS), 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl- tetrazolium bromide (MTT) and Paraformaldehyde (PFA) were purchased from Sigma-Aldrich (China) Co. Ltd (Shanghai, China). All other chemicals were of analytical grade and used as obtained without further purification.

Fabrication of PLGA-Dextran sulphate polymer block
--------------------------------------------------

Carboxylic group-terminated PLGA was dissolved in 10 ml of anhydrous methylene chloride and to this organic solution, 150 mg of EDC was added and allowed to stir for 30 min, and followed by 75 mg of NHS was added and stirred for additional 10h at room temperature. The resulting PLGA-NHS was precipitated by adding ice cold diethyl ether. The precipitated mass was then subjected to washing and freeze drying process.

The PLGA-NHS (100 mg) was dissolved in DMSO and hexamethylene diamine was added and allowed the reaction for 24 h. To this mixture, 120 mg of dextran was added and allowed the reaction to proceed for another 24h in the presence of sodium borohydride at inert conditions. The resulting PLGA-Dextran was precipitated by adding ice cold diethyl ether. The precipitated mass was then subjected to washing and freeze drying process.

The PLGA-Alendronate (PLGA-ALD) was synthesized as reported previously[@b18]. Briefly, ALD was dissolved in 10% aqueous acetic acid solution, freeze dried, and resuspended with DMSO. To this solution, equimolar quantity of activated PLGA was added and allowed the reaction to continue for 24h. The final product was purified by dialysis against water and stored at cold temperatures.

Preparation of CDDP-loaded PLGA-Dextran NP
------------------------------------------

The PLD/CDDP NP was prepared by W/O/W double emulsion method. In brief, 0.5 mg of CDDP was dissolved in 10 ml of organic mixture (water/DMSO\~3/2, v/v) and stirred for 10 min. 8 mg of PLGA-Dextran and 2 mg of PLGA-Alendronate was dissolved in an organic mixture consisting of dichloromethane and methanol (3/2, v/v) and stirred for 10 min. The drug solution was added to the polymer solution and immediately sonicated for 3 min using JY92-II ultrasonic cell disruptor from Ningbo Scientz Biotechnology Co. Ltd. (Ningbo, China). 4 mL of pluronic F-127 solution (0.1%) was added to the pre-emulsified solution and further sonicated for 5 min. The resulting PLD/CDDP NP was separated by centrifugation, washed, and dried. The drug loaded nanoparticles were re-dispersed in water and showed excellent storage as well as colloidal stability (data not shown).

Particle size and morphology examinations
-----------------------------------------

The size distribution of PLD nanoparticles were determined by quasi--elastic light scattering at 25 °C, at an fixed angle of 90° using a Zeta Sizer 3000 HS (Malvern Instruments, UK). The samples were suitably diluted and all the measurements were performed in triplicate (n = 3).

The morphology of PLD NP was examined in JEOL JEM-200CX instrument (TEM) at an acceleration voltage of 200 kV. Samples were stained at room temperature with freshly prepared and sterile-filtered 1% (w/v) phosphotungstic acid aqueous solution. The samples were then placed in a carbon-coated copper grid and air dried prior to imaging.

Physical characterization by XRD
--------------------------------

The crystalline state of CDDP in the formulation was determined by means of XRD-6000 X-ray diffractometer (XRD, Shimadzu, Japan) at a scan speed of 4°/min in the range of 3--30°.

*In vitro* release study
------------------------

The release study of CDDP/PLD NP was performed by dialysis method. For this purpose, dialysis bag (Mol. Wt cut off 3000 Da) was used and the drug-loaded formulation (2 mg equivalent of CDDP) was placed in the dialysis membrane. The sealed dialysis membrane as placed in a Falcon tube containing 25 ml of release media and the entire assembly was kept in a shaking water bath which was maintained at 37 °C and 100 rpm. At regular time intervals, 1 ml of external release medium was withdrawn and replaced with same amount of fresh medium. Amount of the drug released was then analyzed spectrophotometrically at 210 nm and percent cumulative release was plotted v/s time. The study was performed in triplicate (mean ± SD, n = 3)

Cell culture and maintenance
----------------------------

The human osteosarcoma cell line, MG-63 was purchased from West China Medical Center of Sichuan University, China and cultured in Eagle's Minimum Essential Medium containing 10% FBS and 1% Antibiotics (Penicillin (100 IU/ml), streptomycin (100 μg/ml) and amphotericin B (2.5 mg/ml); Calbiochem, Germany). The cells were cultured at 37 °C in a humidified incubator in an atmosphere of 95% oxygen and 5% carbon dioxide.

Cytotoxicity assay
------------------

MTT assay was performed to evaluate the cytotoxicity potential of free CDDP and PLD/CDDP formulations and dose-response curve was plotted. MG-63 cancer cell was used in the present study and cell survival was noted after the assay protocols. In brief, 1 × 10^4 ^cells were seeded in a 96-well plate in 100 μl of MEM medium and incubated for 24h. When the cells reached 80% confluence, cells were treated with various concentrations of blank, free CDDP, and PLD/CDDP formulations (in media) and further incubated for 24h. After 24 h, the derivatives in the medium were removed and 20 μl of MTT (5 mg/mL in MEM) was added and incubated for 4 h under normal growing conditions in the incubator. After 4h, 100 μl of DMSO was added and placed for 30 min. After 30 min, optical density (OD) at 570 nm was measured using a plate reader. Cells without polymers were taken as control. A total of 8 replicates of 96-well plate was performed for each data (mean±S.D, n = 8). The IC50 value was determined using GraphPad Prism software (San Diego, CA).

Cellular uptake study
---------------------

The cellular uptake study was performed using fluorescent PLD nanoparticles. For this purpose, rhodamine-B was used instead of CDDP. MG-63 cells were seeded at a density of 2 × 10^5^ cells in a 12-well plate and incubated for 24h. Cells were exposed with 5 μg/ml of rhodamine-B loaded PLD nanoparticles (in media) and incubated for 2h. Cells were washed twice with PBS and fixed with 4% paraformaldehyde solution for 15 min. Cells were then viewed under confocal laser scanning microscopy.

Apoptosis analysis
------------------

FACS analysis is considered to be a specific and objective method for quantitative determination of apoptosis. MG-63 cells were seeded at a density of 5 × 10^5 ^cells in a 6-well plate and incubated for 24h. When the cells reached 80% confluence, cells were treated with free CDDP and PLD/CDDP formulations (1μg/ml equivalent concentration) and further incubated for 24 and 48 h, respectively. Following day, cells were harvested, washed, and incubated with a mixture of 0.25mg/mL Annexin-V FITC and 10 mg/mL PI. The mixture was kept for 15 min at 37 °C. Excess PI and AV-FITC fluorescence were then washed off and cells were measured by flow cytometry (FACS Calibur, BD Biosciences). A minimum of 10,000 events was counted per sample by flow cytometry. A minimum of 4 replicates has been done (mean ± S.D, n = 4).

Cell cycle analysis
-------------------

MG-63 cells were seeded at a density of 5 × 10^5^ cells in a 6-well plate and incubated for 24h. When the cells reached 80% confluence, cells were treated with free CDDP and PLD/CDDP formulations (1μg/ml) and further incubated for 24h. The cells were harvested, and the cell pellets were washed twice with PBS buffer and fixed in 75% ethanol solution at 4 °C. Cells were resuspended in PBS containing 5mg/mL PI and 50 mg/mL deoxyribonuclease-free ribonuclease A. This suspension was incubated in dark atmosphere for 25 min and then cell cycle patterns were analysed using flow cytometry. A minimum of 4 replicates has been done (mean ± S.D, n = 4).

*In vivo* antitumor efficacy study
----------------------------------

The animal study was approved by 'Institutional Animal Ethics Committee', Shandong University, China. The animal was carried out in accordance to the protocol framed by Shandong University, China. The *in vivo* antitumor efficacy study was performed in a 6-weeks BALB/c nude mice model. For this purpose, 1 × 10^6 ^MG-63 osteosarcoma cancer cells were subcutaneously injected into the right flank of mice. When tumors reached 75−100 mm^3^, animals were randomly divided into 4 groups with 8 mice in each group. Control, blank NP, CDDP, and PLD/CDDP were intravenously administered at a dose of 5 mg/kg of mice (CDDP equivalent) for 4 times during 2 weeks period. Subsequently, tumor volume was measured at specified time using verniercaliper in two dimensions. Tumor volume (V) was measured by the formula: V = (L×W^2^)/2, wherein length (L) is the longest diameter and width (W) is the shortest diameter perpendicular to length. At the end point, mice were sacrificed and tumours from each group were removed, fixed with 10% formalin and subsequently immunohistochemical analysis was performed. The study was performed in 8 mice for each group (mean ± S.D, n = 8).

Statistical analysis
--------------------

A 2-paired Student's t test with equal variance was adopted to test the significance of the observed differences between the study groups. All data were expressed as means ± standard deviations (SD). The value of P \< 0.05 was set to be statistically significant.

Results and Discussion
======================

Dextrans are colloidal, hydrophilic and water soluble substances, which are inert in biological systems and do not affect cell viability. Due to these properties, dextran has been extensively used as a drug carrier system, including for antidiabetics, antibiotics, anticancer drugs, peptides and enzymes. They are usually biodegradable, biocompatible, non-immunogenic. Dextran has many hydroxyl groups, and the abundant hydroxyl groups along the chain facilitate a broad range of further chemical modifications[@b19]. The modification of dextran itself was also reported by numerous researchers to enhance its value as a biomaterial and to deliver small molecules. In the present study, we have continued to explore the potential utility of dextran after introducing the hydrophobic PLGA side chain on the dextran backbone for the effective delivery of CDDP. Although there are few studies in which polymeric micellar carriers (based on ionic interaction) have been developed however, ionic complex-based carriers lack the sufficient stability in the blood circulation[@b20][@b21]. Whereas PLGA-DS nanoparticles has been expected to improve the systemic stability of drug in the systemic circulation. Moreover, presence of alendronate in the nanoparticle structure was expected to guide the nanoparticles towards the bone cancer cells.

Characterization of PLGA-DS polymer
-----------------------------------

The PLGA-DX polymer block was fabricated by the reaction between amine terminated-PLGA block and activated DS polymer block. The PLGA-DX was loaded with CDDP using a self-assembling process where in the drug was loaded in the core of the polymeric micelles ([Fig. 1](#f1){ref-type="fig"}). The critical micelle concentration (CMC) of the Dex-PLGA was measured using pyrene as a hydrophobic fluorescent probe. the I1 and I3 of pyrene increased simultaneously while the I3 of pyrene increased significantly than that of I1, which led to the decreased of I1/I3 ratio quickly as the concentration of PLGA-DS polymer increased. The CMC of PLD was observed to be \~50 μg/mL (data not shown); indicating its excellent thermodynamic stability in the solution. Lower CMC value of a polymer is a indication of its ability to self-assemble in the aqueous medium.

Characterization of PLD/CDDP
----------------------------

The particle size of PLD/CDDP was studied using dynamic light scattering technique (DLS). DLS analysis showed an average size of \~180 nm with a narrow polydispersity index (PDI\~0.24) ([Fig. 2a](#f2){ref-type="fig"}). The mean size of nanoparticle was below \<200 nm which is in the range of tumor vasculature permeation, suggesting that PLD/CDDP cold effectively accumulate in the solid tumours via enhanced permeation and retention (EPR) effect[@b22]. Such characteristics of nanosystem could potentially increase the chemotherapeutic efficacy of anticancer drugs. The drug loading capacity of CDDP was studied spectrophotometrically. The PLD micelles showed a high entrapment efficiency of \>90% with a high loading capacity of 28.5% w/w.

TEM analysis was performed to confirm the morphology of nanoparticle as well as to quantify the particle size ([Fig. 2b](#f2){ref-type="fig"}). TEM could easily differentiate the regions of different materials, for example hydrophobic core and hydrophilic shell. TEM image showed a clear, perfect core-shell type spherical polymeric nanoparticles which are uniformly dispersed on the copper grid. The core-shell structure was clearly visible with ore being more electron dense than the shell which is greyish in colour. Moreover, TEM size was consistent with the size measured from DLS analysis.

The physical characterization of CDDP was investigated using X-Ray diffraction techniques ([Fig. 2c](#f2){ref-type="fig"}) As seen, CDDP presents a numerous diffraction pattern indicating its high crystalline nature. Whereas, no diffraction peaks were identified in the PLD/CDDP formulation indicating that drug was efficiently loaded in the delivery system. These results indicated that the CDDP could be dispersed with the amphiphilic PLGA-DS and existed as amorphous or molecular state in PLD.

*In vitro* drug release
-----------------------

The drug release profile of CDDP from PLD/CDDP micelles was studied in phosphate buffered saline (PBS\~7.4pH) at 37 °C. As expected, CDDP suspension rapidly released from the dialysis membrane and 100% drug released within 10h of release period. PLD/CDDP micelles however controlled the release of drug over 48h in a gradual manner ([Fig. 2d](#f2){ref-type="fig"}). Nevertheless, two phase of release was visible; first, nearly 50% of drug released within in 12h of study period (fast initial release) whereas rest of the drug gradually released up to 48h. The initial release of drug was due to the dissolution of drug which is poorly entrapped in the micelles. The slower release of PLD micelles could be the result of the diffusion of the drug loaded in the micelles core. It could be safely expected that CDDP could be slowly released in plasma (limited release) under normal physiological conditions (pH  = 7.4), while, quickly released at the solid tumor site (pH = 5.5). Thus, the drug concentration in plasma could be kept at a relatively stable level to guarantee enough amount of drug would reach the tumor tissues[@b23]. Model fitting of the drug release kinetics showed best fit for Higuchi model with r^2^ value of 0.9845, suggesting that more than one mechanism was involved in the release of drug.

Cytotoxicity assay
------------------

*In vitro* cytotoxicity of blank NP, free CDDP, and PLD/CDDP was evaluated by means of 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) assay. At first, cytotoxicity of blank NP was determined by treating the cancer cells with increasing concentration of nanoparticles ([Fig. 3a](#f3){ref-type="fig"}). Results clearly showed that blank NP has no serious effect on the viability of cancer cells. The cell viability remained more than 90% even when treated with maximum concentration of blank NP. The excellent biocompatibility of block copolymer-based nanomaterials is ideal for cancer targeting. Followed, cytotoxicity effect of free drug and drug-loaded formulations were investigated on MG-63 cancer cells ([Fig. 3b](#f3){ref-type="fig"}). Results showed significant differences (p \< 0.05) in cytotoxicity potential between free drug and PLD/CDDP. Although, both the formulations exhibited a concentration-dependent cytotoxic effect, however PLD/CDDP exhibited a superior anticancer effect than that of free CDDP. The moderate cell toxicity effect of CDDP was consistent with its high IC50 value (\~3.89 μg/ml) whereas PLD/CDDP exhibited a low IC50 value of 1.26 μg/ml. The superior cytotoxicity of PLD/CDDP was mainly attributed to the sustained release of drug from the hydrophobic core of micelles to cancer cells[@b24]. These studies demonstrate the cytotoxicity effect of CDDP-loaded materials and highlight their ability to deliver drug and effectively disrupt the growth of osteosarcoma cells[@b25].

Cellular uptake analysis of PLD nanocarrier
-------------------------------------------

The cellular uptake of free drug and drug-loaded carrier was performed in MG63 cancer cells. As seen ([Fig. 3c](#f3){ref-type="fig"}), CDDP/PLD showed significantly (p \< 0.05) higher cellular than compared to that of free CDDP. The higher cellular uptake of nanocarrier would result in higher cytotoxic effect. Confocal laser scanning microscope (CLSM) was used to study the cellular distribution of PLD nanoparticles in cancer cells. For this purpose, CDDP was replaced with rhodamine-B as a fluorescent dye. The nucleus was stained with DAPI and indicated with blue colour. As seen from [Fig. 3d](#f3){ref-type="fig"}, PLD NP was mainly distributed in the cytosolic region indicating a typical endocytosis-mediated receptor uptake. The red fluorescence was clearly observed on the periphery of cancer cells. From these results, it could be construed that the high cytotoxic effect of PLD/CDDP was attributed to endocytosis-cellular uptake wherein the NP was first located in the acidic organelles from where it will translocate to the nuclear region (after releasing from the delivery system)[@b26].

Apoptosis analysis
------------------

To elucidate the mechanism of cell death and to confirm the potential of nanoparticles in inducing apoptosis, cells were stained with Annexin V and propidium iodide (PI). Annexin V binds to the phosphatidylserine which are generally present in the outer cell surface of apoptotic cells. PI stains the nucleus of late apoptotic and necrotic cells. As seen from [Fig. 4](#f4){ref-type="fig"}, significant proportion of cells (p \< 0.01) was present in the early and late apoptotic chambers after treatment with either free CDDP or PLD/CDDP. Moreover, time-dependent apoptosis of cancer cells were observed after the treatment. Consistent with the cytotoxicity assay, PLD/CDDP exhibited a significant apoptosis of MG63 cells compared to that of free CDDP. For example, \~25% of cells were in early apoptosis phase after PLD/CDDP treatment comparing to \~15% for free CDDP after 48h incubation. Similarly, PLD/CDDP exhibited \~30% of late apoptosis cells comparing to only \~8% for free drug treatment. Therefore it is clear that nanoparticulate formulation of CDDP remarkably increased the therapeutic performance of anticancer drug.

Cell cycle analysis
-------------------

The influence of CDDP on the cell cycle progression was investigated by means of flow cytometry ([Fig. 5](#f5){ref-type="fig"}). The results clearly showed that CDDP induced a typical G2/M phase arrest in MG63 cancer cells. Importantly, PLD/CDDP exhibited a significantly (p \< 0.01) higher G2/M phase arrest in this cancer cell than comparing to free CDDP. It can be seen that nearly 2-fold higher G2/M arrest was observed in case of PLD/CDDP treated group (\~60%). At the same time, cells in the G0/G1 phase decreased significantly (p \< 0.01). This would result in enhanced cancer cell death. It has been reported that CDDP induce programmed cell death by inhibiting cells at G2 phase of cell cycle[@b27][@b28]. Therefore, nanoformulations of CDDP would be much superior in acting on different phases of cancer cell cycle.

*In vivo* anticancer efficacy study
-----------------------------------

*In vivo* antitumor efficacy of different formulations was investigated in MG-63 cancer cell bearing xenograft tumor model. As seen from [Fig. 6](#f6){ref-type="fig"}, tumor volume constantly expanded from \~100 mm^3^to \~2300 mm^3^at the end of 24 days in the untreated mice group. Consistently, tumor volume gradually increased in the blank NP treated group indicating that material comprising the vector barely had physiological activity (\~2250 mm^3^). Free CDDP exhibited considerable tumor inhibiting capacity with final tumor volume of \~1400 mm^3^. The obvious delay in the tumor growth was mainly attributed to the strong antitumor effect of CDDP in the xenograft model. Among all the mice groups, PLD/CDDP exhibited a most significant (p \< 0.01) anti-tumor activity with maximum tumor growth inhibition. The final tumor volume in PLD/CDDP treated group was \~700 mm^3^ indicating its superior anticancer efficacy in osteosarcoma. The superior antitumor effect of PLD/CDDP was attributed to the sustained release of drug from the nanosystem, possible enhanced tumor distribution of drugs, and induction of cell apoptosis[@b29][@b30].

Safety analysis
---------------

Body weight change was an indicator of systemic toxicity, which was simultaneously measured. Body weight of mice in control, blank NP and PLD/CDDP did not differ greatly and kept constant (or increased slightly). However, free CDDP significantly decreased the body weight of mice indicating its severe drug-related systemic cytotoxicity to normal healthy tissues. Our result is consistent with the previously published report where CDDP was reported to show severe toxicity. It has been reported that free CDDP is associated with various side effects such as nephrotoxicity, myelosuppression, neurotoxicity, nausea, and emesis.

Immunohistochemical analysis
----------------------------

To determine the biological effects of free CDDP and PLD/CDDP, tumors were extracted from the sacrificed mice, fixed with 10% formalin, and subjected to vessel marker (CD31) and cellular proliferation (Ki67) assays. CD31 is a transmembrane glycoprotein and a platelet endothelial cell adhesion molecule that recognizes newly formed vasculature. Ki67 is involved in regulation of cell cycle and highly expressed in proliferating cells and is regarded as a one of the most prominent markers of cell proliferation or cell apoptosis. As shown in [Fig. 7](#f7){ref-type="fig"}, marked reduction in the number of CD31 stained tumor blood vessels were observed in PLD/CDDP treated mice group. Similarly, Ki67 staining intensity was remarkably decreased in the formulation treated group. Therefore, decrease in the expression of CD31 and Ki67 is a clear indication of the superior therapeutic efficacy of PLD/CDDP nanoformulations.

Overall, proposed system has been shown to increase the therapeutic efficacy of CDDP in MG63 bone cancer cell bearing tumor xenograft model. The superior therapeutic action of present system was attributed to the two factors including the systemic stability of delivery system wherein it can avail the EPR effect and secondly the presence of alendronate moiety on the nanoparticle surface which has strong affinity towards the bone cancer cells. Therefore, the present delivery system is superior to other delivery carriers in terms of its tumor targeting potential[@b31][@b32]. Further studies are warranted to prove the superior antitumor efficacy of PLD therapeutic system.

Conclusion
==========

In conclusion, we demonstrated in this study that poly (lactic-co-glycolic acid)-dextran sulphate (PLD)-based nanodelivery system remarkably enhanced the anticancer potential of CDDP in osteosarcoma cells. A nanosized CDDP-loaded PLGA-DX nanoparticle (PLD/CDDP) with a mean diameter of \~180 nm was successfully developed. The PLD nanocarrier controlled the release rate of CDDP up to 48h. *In vitro* cytotoxicity assay showed a superior anticancer effect for PLD/CDDP and with an appreciable cellular uptake via endocytosis-mediated pathways. Furthermore, PLD/CDDP exhibited significant apoptosis of MG63 cancer cells compared to that of free CDDP. Approximately \~25% of cells were in early apoptosis phase after PLD/CDDP treatment comparing to \~15% for free CDDP after 48h incubation. Similarly, PLD/CDDP exhibited \~30% of late apoptosis cells comparing to only \~8% for free drug treatment. PLD/CDDP exhibited significantly higher G2/M phase arrest in MG63 cells than compared to free CDDP with a nearly 2-fold higher arrest in case of PLD/CDDP treated group (\~60%). Importantly, PLD/CDDP exhibited a most significant anti-tumor activity with maximum tumor growth inhibition. The final tumor volume in PLD/CDDP treated group was \~700 mm^3^ indicating its superior anticancer efficacy in osteosarcoma. The superior inhibitory effect was further confirmed by a marked reduction in the number of CD31 stained tumor blood vessels and decrease in the Ki67 staining intensity for PLD/CDDP treated animal group. Overall, CDDP-loaded PLD formulations could provide a promising and most effective platform in the treatment of osteosarcoma.
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![Schematic synthesis of poly (lactic-co-glycolic acid) (PLGA)-dextran sulphate (DS) block copolymer.\
The CDDP and PLGA-DS self-assembled to forms a polymeric nanoparticles in which PLGA forms the core and DS forms the outer surface.](srep17387-f1){#f1}

![Physicochemical characterization of PLD/CDDP nanoparticles.\
(**a**) Size distribution analysis of PLD/CDDP evaluated using zetasizer, (**b**) TEM images of PLD/CDDP, (**c**) X-Ray diffraction analysis of free CDDP and PLD/CDDP. (**d**) *In vitro* release profile of CDDP from PLD/CDDP nanoparticles. The study was performed in phosphate buffered saline (pH 7.4) at 37 °C. Data are expressed as standard deviation of the mean and n = 3. \*p \< 0.05 and \*\*p \< 0.01 is the statistical difference between tumor volume of CDDP and CDDP/PLD treated group.](srep17387-f2){#f2}

![Cytotoxicity analysis of (**a**) blank nanoparticles (**b**) free CDDP and PLD/CDDP in MG63 osteosarcoma cancer cell. The cytotoxicity analysis was performed by MTT assay after 24 h incubation. Untreated cells were considered as control. (**c**) Cellular uptake of free CDDP and CDDP/PLD in MG63 cancer cells. (**d**) Confocal microscopy images demonstrating cellular internalization of PLD nanoparticles in MG63 cells. Data are expressed as standard deviation of the mean and n = 8. \*p \< 0.05 is the statistical difference between the cytotoxicity and cellular uptake of CDDP and CDDP/PLD treated group.](srep17387-f3){#f3}

![Annexin V/PI based apoptosis analysis in MG63 cancer cells.\
The cells were treated with free CDDP and PLD/CDDP and incubated for 24 and 48 h, respectively. The respective cell percentages in early and late apoptosis for different time period are presented in the bar graph. Data are expressed as standard deviation of the mean and n = 4. \*\*p \< 0.01 is the statistical difference between apoptosis potential of CDDP and CDDP/PLD treated group.](srep17387-f4){#f4}

![Cell cycle analysis of MG63 cancer cells after treatment with free CDDP and PLD/CDDP for 24 h.\
The respective cell percentages in G2/M and G0/G1 phases are presented in the bar graph. Data are expressed as standard deviation of the mean and n = 4. \*\*p \< 0.01 is the statistical difference between G2/M phase expression of CDDP and CDDP/PLD treated group.](srep17387-f5){#f5}

![*In vivo* antitumor efficacy of free CDDP and PLD/CDDP in MG-63 cancer cell bearing tumor xenograft model.\
The mice were injected with cancer cell on the right flank and the treatment was started when the tumor volume reached \~100 mm^3^. The formulations were intravenously administered 4 times during first 12 days and tumor volume was measured using vernier caliper. (**a**) Tumor volume (**b**) body weight index. Data are expressed as standard deviation of the mean and n = 8. \*p \< 0.05 and \*\*p \< 0.01 is the statistical difference between tumor volume of CDDP and CDDP/PLD treated group.](srep17387-f6){#f6}

![Immunohistochemistry studies performed in tumor samples.\
The expression level of CD31 and Ki67 apoptosis markers were investigated in extracted tumor samples.](srep17387-f7){#f7}
